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abstract
 
Proton block of unitary currents through BK channels was investigated with single-channel record-
ing. Increasing intracellular proton concentration decreased unitary current amplitudes with an apparent pKa of
5.1 without discrete blocking events, indicating fast proton block. Unitary currents recorded at pH
 
i
 
 8.0 and 9.0
had the same amplitudes, indicating that 10
 
 
 
8
 
 M H
 
 
 
 had little blocking effect. Increasing H
 
 
 
 by recording at pH
 
i
 
7.0, 6.0, and 5.0 then reduced the unitary currents by 13%, 25%, and 53%, respectively, at 
 
 
 
200 mV. Increasing
K
 
 
 
i
 
 relieved the proton block in a manner consistent with competitive inhibition of K
 
 
 
i
 
 action by H
 
 
 
i
 
. Proton
block was voltage dependent, increasing with depolarization, indicating that block was coupled to the electric
ﬁeld of the membrane. Proton block was not described by the Woodhull equation for noncompetitive voltage-
dependent block, but was described by an equation for cooperative competitive inhibition that included voltage-
dependent block from the Woodhull equation. Proton block was still present after replacing the eight negative
charges in the ring of charge at the entrance to the intracellular vestibule by uncharged amino acids. Thus, the
ring of charge is not the site of proton block or of competitive inhibition of K
 
 
 
i
 
 action by H
 
 
 
i
 
. With 150 mM sym-
metrical KCl, unitary current amplitudes increased with depolarization, reaching 66 pA at 
 
 
 
350 mV (pH
 
i
 
 7.0).
The increase in amplitude with voltage became sublinear for voltages 
 
 
 
100 mV. The sublinearity was unaffected
by removing from the intracellular solutions Ca
 
2
 
 
 
 and Ba
 
2
 
 
 
 ions, the Ca
 
2
 
 
 
 buffers EGTA and HEDTA, the pH
buffer TES, or by replacing Cl
 
 
 
 with MeSO
 
3
 
 
 
. Proton block accounted for 
 
 
 
40% of the sublinearity at 
 
 
 
200 mV
and pH 7.0, indicating that factors in addition to proton block contribute to the sublinearity of the unitary cur-
rents through BK channels.
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INTRODUCTION
 
Protons decrease single-channel (unitary) current am-
plitudes through a variety of ion channels, including
Na
 
 
 
 (Daumas and Andersen, 1993; Benitah et al.,
1997), Ca
 
2
 
 
 
 (Prod’hom et al., 1987; Tytgat et al., 1990;
Klockner and Isenberg, 1994; Chen et al., 1996), CNG
(Root and MacKinnon, 1993; Gordon et al., 1996; Mor-
rill and MacKinnon, 1999), and K
 
 
 
 channels (Davies et
al., 1992; Coulter et al., 1995; Lopes et al., 2000; Xu et
al., 2000; Geiger et al., 2002; Nimigean et al., 2003). For
Na
 
 
 
 channels, proton block increases with depolariza-
tion, suggesting that the site of proton block is within
the transmembrane electric ﬁeld (Woodhull, 1973;
Daumas and Andersen, 1993; Hille, 2001; Geiger et al.,
2002). For L-type Ca
 
2
 
 
 
 channels, CNG channels, and
Kir1.1 potassium channels the sites of proton action or
binding are formed by negatively charged glutamate
residues (Chen et al., 1996; Morrill and MacKinnon,
1999; Xu et al., 2000). BK channels also have their uni-
tary conductance reduced by protons (Laurido et al.,
1991; Habartova et al., 1994), and have glutamate resi-
dues that control the magnitude of K
 
 
 
 current (Bre-
lidze et al., 2003b; Nimigean et al., 2003), which might
form a site for proton block. Here we investigate in de-
tail the effect of protons on the amplitudes of unitary
currents through BK channels and examine whether
the glutamate residues that form a ring of negative
charge at the intracellular vestibule are the site of pro-
ton block.
Some of this material has appeared in abstract form
(Brelidze et al., 2003a).
 
MATERIALS AND METHODS
 
Expression of BK Channels in Oocytes and Mutagenesis
 
The constructs encoding wild-type BK channels (mSlo1) used in
these experiments were gifts from Dr. Lawrence Salkoff (mbr5;
Schreiber et al., 1999) and Merck research laboratories (Pallanck
and Ganetzky, 1994) as modiﬁed by Merck (McManus et al.,
1995). BK channels expressed from these two clones had the
same unitary currents.
 
Xenopus laevis
 
 oocytes were separated by enzymatic treatment
as described (Dahl, 1992; Hsiao et al., 2001). The cRNA was tran-
scribed using mMessage mMachine kit (Ambion) and injected in
 
Xenopus laevis
 
 oocytes at 
 
 
 
0.5–2 ng per oocyte, 2–8 d before re-
cording. After injection, oocytes were kept at 14–16
 
 
 
C in modi-
ﬁed OR2 solution: (82.5 mM NaCl, 2.5 mM KCl, 1 mM CaCl
 
2
 
, 1
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mM MgCl
 
2
 
, 1 mM Na
 
2
 
HPO
 
4
 
, 50 mg/l penicillin/streptomycin
(Sigma-Aldrich), 50 mg/l gentamicin (Gibco), 4.8 mM HEPES,
pH 7.5). The vitelline layer of injected oocytes was manually re-
moved before patch clamp recording.
The mutant cDNA construct with the double mutation E321N
and E324N was made using the Quickchange XL site-directed
mutagenesis kit (Stratagene) and checked by sequencing (DNA
Core Lab Sequencing Facility, University of Miami School of
Medicine), as described previously (Brelidze et al., 2003b).
 
Solutions
 
Unless indicated, the extracellular (pipette) and intracellular
solutions contained (mM): 150 KCl, 5 N-tris[Hydroxymethyl]-
methyl-2-aminoethane-sulfonic acid (TES) to buffer pH
(adjusted to pH 7.0), and 1 ethylene glycol-bis(2-aminoethyl)-
N,N,N
 
 
 
,N
 
 
 
-tetra-acetic acid (EGTA) and 1 N-(2-hydroxyethyl)eth-
ylenediamine-N,N
 
 
 
,N
 
 
 
-triacetic acid (HEDTA) to bind Ca
 
2
 
 
 
 to
prevent possible Ca
 
2
 
 
 
 block from contaminating Ca
 
2
 
 
 
 (Ferguson,
1991). The intracellular solution also typically contained 50 
 
 
 
M
(
 
 
 
)-(18-crown-6)-2,3,11,12-tetra-carboxylic acid (crown ether) to
bind Ba
 
2
 
 
 
 to prevent Ba
 
2
 
 
 
 block of the channel (Vergara and
Latorre, 1983; Diaz et al., 1996). The extracellular (pipette) solu-
tion also typically contained 60 
 
 
 
M GdCl
 
3
 
 to block endogenous
mechano-sensitive channels (Yang and Sachs, 1989). The con-
centration of intracellular K
 
 
 
 ([K
 
 
 
]
 
i
 
) was varied as indicated by
changing the concentration of KCl. Extracellular [K
 
 
 
] was kept
constant at 150 mM in all experiments unless indicated. TES was
used as a pH buffer. The optimal pH range for buffering by TES
is from 6.8 to 8.2, but weaker buffering extends the range from
 
 
 
6.0 to 9.0. In the experiments where the intracellular pH (pH
 
i
 
)
was changed from 5.0 to 9.0, the pH
 
i
 
 was found to remain sufﬁ-
ciently stable to carry out the experiments. To further test for
proper buffering of pH, in a few experiments where indicated 5
mM TES was increased to 10 mM, and 10 mM propionic acid, 10
mM 2-[N-Morpholino]ethanesulfonic acid (MES), and 10 mM
N-tris[Hydroxymethyl]methyl-4-aminobutane-sulfonic acid (TABS)
were also added. The pH of the solutions was adjusted by adding
KOH and HCl to avoid adding Na
 
 
 
. In a few experiments where
indicated 5 mM 1,2-bis(
 
o
 
-aminophenoxy)ethane-N,N,N
 
 
 
,N
 
 
 
-tet-
raacetic acid (BAPTA), which is less sensitive to pH than EGTA
and HEDTA (Tsien, 1980), was added to act as a Ca
 
2
 
 
 
 chelator. At
pH 5.0, 5 mM BAPTA plus the 1 mM EGTA and 1 mM HEDTA
would reduce the expected contaminant Ca
 
2
 
 
 
 of 5–10 
 
 
 
M in the
solution to a free Ca
 
2
 
 
 
 of 0.02–0.04 
 
 
 
M (calculated with MAXC,
www.stanford.edu/~cpatton/maxc.html; Bers et al., 1994). EGTA
and HEDTA were from Fluka, propionic acid, KCl, HCl, and
KOH from Fisher; TES, MES, TABS, GdCl
 
3
 
, and crown ether
from Sigma-Aldrich; and BAPTA from Molecular Probes. Solu-
tions were changed using valve-controlled, gravity-fed perfusion
of a microchamber (Barrett et al., 1982).
 
Single-channel Recording and Data Analysis
 
Single-channel currents were recorded from BK channels ex-
pressed in oocytes using the inside-out conﬁguration of the
patch-clamp technique (Hamill et al., 1981). Patch pipettes were
prepared from borosilicate glass tubing (Warner Instruments).
Pipettes were heat polished to obtain resistances of 10–20 M
 
 
 
when ﬁlled with 150 mM KCl solution. Data were acquired with
an Axopatch 200A ampliﬁer, sampled every 3 
 
 
 
s using a Digidata
1200A and pClamp7 software (Axon Instruments, Inc.), and
stored and analyzed on a Pentium III computer.
Membrane potentials from 
 
 
 
200 to 
 
 
 
200 mV were generated
by computer through the application of voltages to the external
command input on the Axopatch 200A. Voltages less than 
 
 
 
200
mV and greater than 
 
 
 
200 mV were obtained by application of
the computer applied voltages together with a steady-state hold-
ing potential preset on the front panel of the Axopatch 200A.
For instance to achieve 
 
 
 
250 mV, 
 
 
 
50 mV was applied through
the holding potential on the Axopatch 200A and then a brief
(40–100 ms) 
 
 
 
200-mV pulse was applied through the computer-
controlled external command. For voltages from
 
 
 
50 to 
 
 
 
50 mV
gap-free acquisition mode was used. For voltages less than 
 
 
 
50
mV and greater than 
 
 
 
50 mV, the episodic acquisition mode of
pClamp 7 was used. The recording system was tested with a
model cell and found to give linear i/V curves from 
 
 
 
400 to
 
 
 
400 mV.
Unitary currents were measured from all-point histograms of
the current records. Fig. 1 A shows a representative single-chan-
nel current record as it appears on the screen of the program in-
terface. The corresponding voltage jump is indicated below the
record. Fig. 1 B shows the same record as in Fig. 1 A, but with the
data at the ends of the recording removed for the histogram
analysis. The peaks of the current histograms correspond to the
closed (C) and open current levels when one (O
 
1
 
), two (O
 
2
 
), and
three (O
 
3
 
) BK channels were open at the same time. The dis-
tance between dashed lines placed at the peaks of the all-point
histograms divided by the number of current steps between the
dashed lines gave the average unitary current of open BK chan-
nels present in the patch. Currents recorded from 
 
 
 
50 to 
 
 
 
50
mV were typically measured by manually setting cursors on the
closed and open current amplitudes because the histograms
were less likely to show clear peaks due to the low activity. Unitary
current amplitudes obtained by these methods were subse-
quently averaged for estimates obtained from three or more dif-
ferent patches studied under the same conditions, with the error
bars in ﬁgures indicating the SEM. The absence of visible error
bars indicates that the SEM was less than the size of the symbol.
Figure 1. Unitary currents
were measured with a custom
program using histogram
analysis. (A) A representa-
tive single-channel current is
shown as it appears on the
screen of the program inter-
face. The membrane poten-
tial was jumped from the
holding potential of 0 to
 150 mV for 42 ms and than
jumped back to 0 mV. (B)
The same recording as in A
but with the data at the ends of the recording removed. The peaks of the current histograms correspond to the closed (C) and open (O1–
O3 for one to three open channels) current levels. [K 
i] was 3.4 M. Effective ﬁltering was 33 kHz. 
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BK channels were identiﬁed from their characteristic Ca
 
2
 
 
 
 sen-
sitivity and voltage dependence (Barrett et al., 1982). 
 
Xenopus
 
 oo-
cytes express endogenous BK channels at very low levels (Krause
et al., 1996). Endogenous BK channels were so few for our condi-
tions that we did not see any from 20 patches excised from unin-
jected oocytes harvested from three different frogs. Due to the
low levels of expression of the endogenous BK channels and the
averaging of results from three or more patches with each patch
typically containing 2–3 channels, the results in this study should
not be affected by the possible presence of the endogenous BK
channels.
The effective ﬁltering ranged from 4 to 33 kHz, and had no ef-
fect on the measured unitary conductance over this range be-
cause the open and closed current levels were well deﬁned. Ex-
periments were performed at room temperature (21–23
 
 
 
C), un-
less otherwise indicated.
 
Fitting the Experimental Data
 
To analyze the titration curves for the inhibition of unitary cur-
rent by protons, the data were ﬁtted with Eq. 1
 
(1)
 
where 
 
i
 
0
 
 and 
 
i
 
b
 
 are unitary current amplitudes in the absence and
presence of the blocking ion, 
 
k
 
i
 
 is the inhibitory constant of the
blocker, given by the concentration of the blocker required to
achieve 50% reduction of 
 
i
 
0
 
, 
 
n
 
 is a pseudo Hill coefﬁcient, and
[
 
B
 
] is the concentration of the blocking ion (Daumas and Ander-
sen, 1993; Schild et al., 1997; Lopes et al., 2000; Park et al., 2003).
The apparent dissociation constant, pK
 
a
 
, is deﬁned as 
 
 
 
log
 
k
 
i
 
.
To examine whether incorporating competitive inhibition of
H
 
 
 
 on the action of K
 
 
 
 into the Woodhull equation would ac-
count for the i/V curves at different pH
 
i
 
, we incorporated the
voltage dependence from the Woodhull equation (Eq. 5 in 
 
re-
sults
 
) into equations from enzyme kinetics, as described below.
The unitary current 
 
i
 
0
 
 in the presence of substrate K
 
 
 
 can be de-
scribed by the Hill equation
 
(2)
where [K ] is the concentration of the K  ions at the site of ac-
tion, imax is the maximal current at saturating [K ], kdK is the dis-
sociation constant for K  from the binding site, and the Hill coef-
ﬁcient n is a measure of cooperativity (Stryer, 1981). In the pres-
ence of competitive inhibition of H  on the action of K , the
apparent kd will be given by kdK(1   [H ]/kdH), where [H ] is
the concentration of the blocking ion at the site of action and kdH
is the dissociation constant for H  from the blocking site (Stryer,
1981). With substitution for the apparent kd, Eq. 2 becomes
(3)
The ratio of current in the presence (ib) and absence (i0) of
competitive blocker is then given by the ratio of Eq. 2 to Eq. 3
(4)
To account for voltage-dependent concentration of the ions
within the electric ﬁeld of the membrane (Woodhull, 1973),
[H ] and [K ] in Eq. 4 are given by
(4a)
ib i0 ⁄ ki
n ki
n B []
n + () ⁄ , =
i0 imax ⁄ K
  []
n
K
  []
n
kdK
n + () ⁄ , =
ib imax ⁄ K
  []
n
K
  []
n
kdK 1 ( H
  [] + kdH) ⁄ ()
n
+ {} . ⁄ =
ib i0 ⁄ K
  []
n
kdK
n + () K
  []
n
kdK 1 ( H
  [] + kdH) ⁄ ()
n
+ {} ⁄ . =
K
  [] K
  [] i zdVF RT ⁄ () exp =
(4b)
where [K ]i and [H ]i are the concentrations in the bath, z is the
valence of the ion, V is the voltage across the membrane, d is the
fraction of the membrane voltage at the binding site (the electri-
cal distance) measured from the inside of the membrane, and
F/RT   25.5 mV at 23 C.
The ﬁtting of equations to the experimental data was per-
formed in Origin (Microcal Software, Inc.) using the standard
least squares ﬁtting method.
RESULTS
i/V Plots of Unitary Currents Are Sublinear at High Voltages
This paper explores block of BK channels by intracellu-
lar protons, but before testing for such block, we exam-
ined whether other ions in the solutions might also be
blocking the channel. Data were collected at high volt-
ages, as channel block by intracellular ions is typically
more pronounced at greater depolarization (Arm-
strong and Hille, 1972; Woodhull, 1973; Ferguson,
H
  [] H
  [] i zdVF RT ⁄ () , exp =
Figure 2. Current/voltage plots of unitary currents are sublinear
at high voltages, and the Ca2  and pHi buffers used in the solu-
tions are not the cause of the sublinearity. (A) Representative sin-
gle-channel currents recorded from BK channels expressed in oo-
cytes with symmetrical 150 mM KCl. Effective ﬁltering: 4 kHz. (B)
Plot of the outward unitary currents versus voltage obtained with
different solutions. Pipette solution (mM): ﬁlled circles, ﬁlled
squares, open circles, open diamonds, and for the rest of the ﬁg-
ures in the paper, 150 KCl, 5 TES, 1 EGTA, 1 HEDTA, 60  M
GdCl3, pH 7.0; open squares, 140 KMeSO3, 20 HEPES, 2 KCl, 2
MgCl2, pH 7.2. Intracellular solution (mM): ﬁlled squares, 150
KCl, 5 TES, 1 EGTA, 1 HEDTA, pH 7.0; ﬁlled circles, 150 KCl, 5
TES, 1 EGTA, 1 HEDTA, 50  M crown ether, pH 7.0; open circles,
only 150 KCl; open diamonds, 150 KCl, 5 TES, 1 EGTA, 1 HEDTA,
100   M added Ba2 , pH 7.0; open squares, 140 KMeSO3, 20
HEPES, 2 KCl, 1 HEDTA, 0.84  M free Ca2 , pH 7.2. Some of the
symbols are shifted to the left or right by 5 mV so they can be seen.
The slope of the straight line corresponds to the average chord
conductance of 326 pS at  100 mV for the ﬁlled circles.308 Fast Proton Block of BK Channels
1991; Daumas and Andersen, 1993; Hille, 2001; Geiger
et al., 2002). Single-channel currents were recorded
from BK channels expressed in Xenopus oocytes using
the inside-out conﬁguration of the patch-clamp tech-
nique. Representative outward single-channel currents
recorded over a range of voltage are shown in Fig. 2 A.
The amplitudes of these unitary currents are plotted
versus membrane voltage in Fig. 2 B (ﬁlled circles).
Unitary currents increased with the increase in mem-
brane depolarization. This increase was linear to about
 100 mV and then became sublinear with further in-
creases in voltage. In spite of this tendency to saturate,
the unitary currents reached the very large value of 66
pA at  350 mV. In the linear range, the average cord
conductance at  100 mV was 326 pS (straight line).
BK channels are characterized by large conductances
(Marty, 1981; Barrett et al., 1982; Yellen, 1984; Blatz
and Magleby, 1984; Ferguson, 1991).
The Ca2  and Ba2  Buffers and the pH Buffer TES Used in 
this Study Do Not Affect Unitary Current Amplitudes
The sublinearity observed in Fig. 2 B could arise from
intrinsic properties of the channel or from channel
block by ions in the intracellular solutions. To deter-
mine whether the Ca2  buffers EGTA and HEDTA, the
pH buffer TES, the Ba2  chelator (crown ether), or
possible impurities in these agents induced the voltage-
dependent sub-linearity in outward currents, we re-
corded single-channel currents using an intracellular
solution that contained only 150 mM KCl and no
EGTA, HEDTA, crown ether, or TES. Due to the ab-
sence of a pH buffer, the pH of the solution was some-
what unstable over time, ranging from 6.7 to 7.3, as wa-
ter is only a weak pH buffer. (It will be shown later that
changes in pH of this magnitude would have little ef-
fect on the unitary current.) As can be seen from Fig. 2
B, the unitary currents recorded in the absence (open
circles) and presence (ﬁlled circles) of the chelators
and buffers were essentially identical. Thus, the chela-
tors and buffers used in our study do not affect the uni-
tary current amplitudes.
Contaminating Ba2  in the Solution Does Not Affect the 
Unitary Current Amplitude
Studies recording currents from patches of membrane
containing large numbers of BK channels showed that
contaminating Ba2  in the intracellular solution can sig-
niﬁcantly reduce macro currents recorded from BK
channels (Diaz et al., 1996). Single-channel studies have
shown that the reduced currents result from a dual ef-
fect of Ba2  on currents through BK channels: Ba2  de-
creases the effective open probability of the channel by
producing long lasting blocks (seconds) of the channel
(Vergara and Latorre, 1983; Miller et al., 1987; Bello and
Magleby, 1998), and Ba2  can decrease the unitary cur-
rent by a fast block (Vergara and Latorre, 1983; Bello
and Magleby, 1998). To test if contaminating Ba2  is pro-
ducing the sublinearity of currents that we observed at
high voltage, we examined unitary currents with and
without the Ba2  chelator crown ether added to the in-
tracellular solution. From Fig. 2 B (ﬁlled squares for no
Ba2  chelator and ﬁlled circles with Ba2  chelator) it can
be seen that removing the contaminating Ba2  with the
chelator had no effect on the unitary current. Thus, con-
taminating Ba2  in the solution does not contribute to
the sublinearity of unitary currents.
As a further test to explore whether contaminating
Ba2  might be reducing the unitary currents, we added
100  M Ba2  to the intracellular solution containing 1
mM EGTA and 1 mM HEDTA in the absence of crown
ether. For these conditions Ba2  produced occasional
long blocks of the channel that became more pro-
nounced with voltage, reducing the open probability, as
expected (Vergara and Latorre, 1983; Miller et al., 1987;
Bello and Magleby, 1998), but there was little change in
the peak unitary currents (Fig. 2 B, open diamonds). For
voltages  200 mV with this large amount of added Ba2 ,
a slow ﬂickery block developed that reduced the average
current, but not the peak unitary currents. Considering
that the total contaminant Ba2  is typically  0.1   M
(Diaz et al., 1996; Bello and Magleby, 1998), a thousand
times less than the 100  M Ba2  added in this experi-
ment, contaminant Ba2  would not be expected to alter
measurements of unitary current amplitudes. Neverthe-
less, 50  M crown ether was added to the intracellular
recording solutions to assure that Ba2  was not a factor.
MeSO3
  and HEPES Do Not Reduce
Unitary Current Amplitudes
Although we did not use MeSO3
  and HEPES in our
experiments, with these ions in the intra- and extracel-
lular solutions Cox et al. (1997) observed that the uni-
tary currents through BK channels reached a maxi-
mum value of 32 pA at  120 mV with no further in-
crease with increasing depolarization. To explore why
Cox et al. (1997) saw such pronounced saturation com-
pared with our observations (Fig. 2), we examined the
possibility that some ion present in their solutions that
was not in our solutions may have blocked the channel
in a voltage-dependent manner. For example, Guo and
Lu (2000) found that HEPES, a commonly used pH
buffer, or some accompanying impurities could cause
rectiﬁcation in IRK1 K  channels. We recorded single-
channel currents using intracellular and extracellular
solutions prepared as described by Cox et al. (1997),
with the intracellular solution containing (mM): 140
KMeSO3, 20 HEPES, 2 KCl, 1 EGTA, and 0.84  M free
Ca2 , pH 7.2; and the pipette (extracellular) solution
containing (mM): 140 KMeSO3, 20 HEPES, 2 KCl, 2
MgCl2, pH 7.2. Unitary currents recorded with these so-309 Brelidze and Magleby 
lutions (Fig. 2 B, open squares) were essentially un-
changed from those observed in our solutions (Fig. 2
B, ﬁlled circles). Thus, some other factor, perhaps an
impurity in the stock chemicals, is responsible for the
difference in results between our observations and
those of Cox et al. (1997). Consistent with our observa-
tions, Talukder and Aldrich (2000) observed unitary
currents of  58 pA at  260 mV, similar to the value we
observed at this potential.
Intracellular Protons Decrease Unitary Currents of BK 
Channels in a Concentration-dependent Manner
Protons block ion channels from both the extracellular
(Woodhull, 1973; Prod’hom et al., 1987; Tytgat et al.,
1990; Daumas and Andersen, 1993; Klockner and Isen-
berg, 1994; Coulter et al., 1995; Chen et al., 1996; Beni-
tah et al., 1997; Morrill and MacKinnon, 1999; Lopes et
al., 2000; Geiger et al., 2002) and intracellular (Davies et
al., 1992; Daumas and Andersen, 1993; Habartova et al.,
1994; Xu et al., 2000; Nimigean et al., 2003) surfaces. To
investigate whether block by intracellular protons con-
tributes to the sublinearity of the i/V curves in Fig. 2,
single-channel currents were recorded over a range of
intracellular pH (pHi). Fig. 3 A shows representative sin-
gle-channel records at  250 mV for pHi ranging from
5.0 to 9.0. The unitary currents at pHi of 7.0 and 5.0
were decreased by  15% and  55%, respectively, from
that at pHi 9.0. The unitary currents at pHi 8.0 and 9.0
were essentially the same, indicating that H 
i at 10 8 M
has little effect on the unitary current. Plots of unitary
currents recorded at  250 mV versus pHi, as well as for
currents recorded at  200 and  100 mV, are shown in
Fig. 3 B. At pHi 4.0 the channel still functioned, but
clear open levels were difﬁcult to deﬁne due to the high
levels of block. Thus, currents at pHi   5.0 were not
studied. Habartova et al. (1994) have previously exam-
ined the effect of pHi from 5.5 to 8.0 on unitary current
amplitudes for voltages up to  40 mV, with observations
similar to ours over this range.
The unitary current amplitude vs. pH data in Fig. 3 B
obtained at different voltages were simultaneously ﬁt-
ted with Eq. 1 in materials and methods (continuous
lines) to estimate the concentration of blocker that is
necessary to reduce the currents to 50% of the value in
the absence of blocker. The inhibition constant was 8.7
 M, giving an apparent pKa of 5.1, with a pseudo Hill
coefﬁcient of 0.48. Fixing the Hill coefﬁcient to 1.0
gave worse ﬁts of the data (unpublished data) with
the Chi squared value 6.8 times larger. The apparent
pKa falls between the pKa (as free amino acids) for
glutamate (4.5) and histidine (6.4). Even though the
pKas of these amino acids could be different in the pro-
tein (Fersht, 1985; Morrill and MacKinnon, 1999), we
examined the region of the channel expected to form
the intracellular vestibule (Jiang et al., 2002a) for these
amino acids. Two glutamate residues per subunit at the
entrance to the intracellular vestibule would be candi-
dates for the site of proton action. This possibility is
tested in a later section by replacing the glutamates
with uncharged amino acids.
The data in Fig. 3, A and B, were obtained with a sin-
gle pH buffer (TES, pKa of 7.4). This was done to pre-
Figure 3. Intracellular protons decrease unitary current ampli-
tudes of BK channels. (A) Representative single-channel currents
from BK channels with symmetrical 150 mM KCl at the indicated
pHi. Intracellular solution (mM): 150 KCl, 5 TES, 1 EGTA, 1
HEDTA, and 50  M crown ether. Membrane voltage:  250 mV.
Effective ﬁltering: 4 kHz. (B) Semilogarithmic plot of the dose re-
sponse curves for unitary current amplitudes obtained at  100,
 200, and  250 mV versus pHi. The lines represent simultaneous
ﬁts of all the data with Eq. 1, with ki   8.7  M (pKa   5.1) and n  
0.48. Intracellular solution (mM): open squares, open circles, and
ﬁlled circles, 150 KCl, 5 TES, 1 EGTA, 1 HEDTA, and 50  M
crown ether; ﬁlled diamonds, 150 KCl, 10 propionic acid, 10 MES,
10 TES, 10 TABS, 1 EGTA, 1 HEDTA, and 50  M crown ether. (C)
Single-channel currents from a BK channel at the indicated pHi.
Intracellular solution (mM): 150 KCl, 10 propionic acid, 10 MES,
10 TES, 10 TABS, 1 EGTA, 1 HEDTA, and 50  M crown ether.
Membrane voltage:  150 mV. Effective ﬁltering: 4 kHz. (D) Open-
channel current traces at pHi 5.0 and pHi 9.0 with all points histo-
grams from the same patch as in C. For the open-channel current
trace at pHi 9.0, two brief closings were replaced by a horizontal
line to exclude kinetics from the noise histogram. Effective ﬁlter-
ing: 33 kHz.310 Fast Proton Block of BK Channels
vent the possibility of channel block from additional
buffers, but has the disadvantage of weak buffering at
the extremes of the pH examined. To test whether the
single buffer controlled the pH adequately for our ex-
periments, unitary currents were recorded in the pres-
ence of four buffers (10 mM each) to span the pH
range: propionic acid (pKa 4.9), MES (pKa 6.1), TES
(pKa 7.4), and TABS (pKa 8.9) and compared with data
with 5 mM TES alone.
Representative single-channel records at pHi 5.0, 7.0,
and 9.0 recorded at  150 mV are shown in Fig. 3 C,
where increasing the concentration of protons de-
creases unitary current amplitudes with the four pH
buffers, as observed with one buffer. Comparison in Fig.
3 B of data obtained with the four pH buffers (ﬁlled di-
amonds) to that obtained with one pH buffer (open
squares), and comparison of Fig. 4 C to Fig. 4 A, showed
a similar proton block over a range of voltages, indicat-
ing that the pH of the solutions was adequately buff-
ered with the single buffer. Although there was no dif-
ference in the unitary current amplitudes when using
one pH buffer or four pH buffers for voltages  150 mV,
an apparent discrete block developed with the four
buffer solution that became so prominent with depolar-
izations  150 mV that the openings became too brief
to measure (unpublished data). Hence, Fig. 4 C pre-
sents data for  150 mV. The discrete block in the four
buffer solution is not proton block, as it was observed at
pH 9.0 as well. Because of the apparent discrete block
with the four buffer solutions at large depolarizations,
one pH buffer was used for all subsequent experiments
except for a few experiments in the next section.
Proton Block is a Fast Block
To investigate whether the proton block is consistent
with fast block, we examined the open-channel noise at
pHi 5.0 and 9.0 for data recorded with a single pH
buffer and also with four pH buffers for voltages  150
mV. For data obtained from the same single-channel
patch with four pH buffers, the noise (ﬁltering of 33
kHz) was the same at pHi 5.0 and 9.0, as indicated by
the similar width of the all-points histograms superim-
posed on the currents (Fig. 3 D). This lack of effect of
pH on the open-channel noise can also be seen in Fig.
3 C for data obtained from the same patch ﬁltered at 4
kHz. Similar conclusions were obtained from compari-
son of the standard deviation of the noise of the open-
channel current record recorded with a single pH
buffer for three patches at pHi 9.0 and four patches at
pHi 5.0, where the SD of the noise was 15% greater at
pHi 9.0 than pHi 5.0 rather than less, as might be ex-
pected for discrete block (P   0.83, t test). Thus, pro-
ton block is a fast block, as the pH-induced reduction
in unitary currents is not associated with increased
open-channel noise at 4–33 KHz ﬁltering. Association
and dissociation rates of protons with proteins can be
so fast (Fersht, 1985) that such binding events could go
undetected at the ﬁltering used in our experiments,
consistent with a fast block.
Proton Block Is Voltage Dependent
If protons reduce unitary currents by acting inside
the conduction pathway of the channel, then the re-
duction of currents by protons should be voltage de-
Figure 4. Proton block of BK chan-
nels is concentration and voltage de-
pendent. (A) Plots of unitary current
amplitudes versus voltage at the indi-
cated pHi. The slope of the straight line
corresponds to the average chord con-
ductance of 340 pS at  100 mV for the
data at pHi 9.0. (B) Plots of the ratio of
the unitary current amplitudes at the in-
dicated pHi to the amplitudes at pHi 9.0
versus voltage, where X can be 5.0, 6.0,
or 7.0, and is indicated for each curve.
The dashed lines are polynomial ﬁts.
(C) Plots of unitary current amplitudes
versus voltage at the indicated pHi with
four pH buffers in the intracellular so-
lutions. Symmetrical 150 mM [K ] for
A–C. The dashed lines in A and C are
polynomial ﬁts to the data in A.311 Brelidze and Magleby 
pendent. To explore this possibility, unitary currents
were obtained at pHi 5.0–9.0 and plotted against volt-
age in Fig. 4 A. As indicated previously, the superposi-
tion of the unitary currents at pHi 8.0 and 9.0 shows
that concentrations of protons  10 8 M have little ef-
fect on the unitary conductance. The reduction of
the unitary currents for the increasing concentra-
tions of protons from pHi 7.0 to 5.0 is readily appar-
ent. To examine to what extent the proton block is
voltage dependent, the ratios of the unitary currents
at pHi 7.0, 6.0, and 5.0 to the unitary currents at pHi
9.0, where there is no block, are plotted in Fig. 4 B.
For each pHi the ratio decreases with voltage, sug-
gesting that the site of action of protons could be
within the electrical ﬁeld of the membrane. While
protons could reduce unitary current amplitudes by
 60% at pHi 5.0 and  300 mV, the effect of pro-
tons was negligible at pHi 7.0 for voltages  100 mV.
The average chord conductance of BK channels at
 100 mV and pHi 9.0 (in the essential absence of
proton block) was 340 pS (straight line, Fig. 4 A),
the average cord conductance at  100 mV and pHi
7.0 was 326 pS (straight line, Fig. 2 B). A paired t
test of the cord conductances at pHi 9.0 and 5.0 at
 30,  50, and  100 mV indicated that this small
difference in cord conductance was not signiﬁcant
(P   0.05).
The Ca2  buffering ability of the EGTA and HEDTA
depends on pH (Miller and Smith, 1984). Even though
we used solutions with zero added Ca2 , a small
amount of contaminating Ca2  would be expected in
the recording solutions due in large part to the Ca2 
in the KCl salt, so that some Ca2  would be displaced
from the Ca2  buffers at the lower pHis. To test whether
this displaced Ca2  was blocking the channel, some ex-
periments were also performed with 5 mM BAPTA
added to the solutions to chelate Ca2  (see materials
and methods). The reduction of currents by protons
was the same in the absence and presence of BAPTA
(unpublished data). Thus, the greater decrease in uni-
tary currents at lower pHi was not due to block by con-
taminating Ca2 .
Proton Block Contributes to the Sublinearity of Unitary 
Currents at High Voltages
To determine to what extent proton block contributed
to the sublinearity of the i/V plots obtained at pH 7.0
(Fig. 2), we compared i/V plots obtained at pHi 9.0,
where proton block was negligible, to the i/V plots at
pH 7.0. From Fig. 4 A it can be seen that only  40% of
the sublinearity with increasing voltage at pHi 7.0 arises
from proton block. The remaining sublinearity, still ob-
served at pHi 9.0 in the absence of proton block, sug-
gests that factors in addition to proton block contribute
to the sublinearity.
The Woodhull Model can Approximate the Proton Block at a 
Fixed pHi, but Cannot Describe the Proton Block Over a Range 
of pHi
Fig. 4 shows that protons block BK channels in a con-
centration- and voltage-dependent manner. To deter-
mine if this block is consistent with the assumption that
protons bind at a site within the electric ﬁeld to block
the channel, we examined whether the Woodhull
model (Woodhull, 1973) could describe the data. This
model is given by:
(5)
where i0 and ib are currents in the absence and pres-
ence of the blocking ion, respectively, [B] is the con-
centration of the blocking ion, kd(0) is the dissociation
constant of the blocking ion at 0 mV, z is the valence of
the blocking ion, V is the voltage drop across the mem-
brane, d is the fraction of the membrane voltage at the
binding site (the electrical distance) measured from
the inside of the membrane, and RT/F is 25.5 mV at
23 C. Fig. 5 A shows the results when data obtained at
each intracellular pH were ﬁtted separately (dashed
lines). Under these conditions the Woodhull model
could describe the experimental data for each pHi. The
values of the kds were 20, 8.7, and 2.1  M for pHis of
5.0, 6.0, and 7.0, respectively, and the values of d were
0.08, 0.12, and 0.13 for pHis of 5.0, 6.0, and 7.0, respec-
tively. The values for both the kd and d parameters
changed with pH, suggesting that the block is more
complex than described by the Woodhull model. To
test this possibility the data at the three different pHis
were simultaneously ﬁtted to obtain the best global esti-
mates for kd and d. As can be seen in Fig. 5 B, the
Woodhull model did not adequately describe the data
at voltages  100 mV when the ﬁtting was over a range
of pHi with a single set of parameter values, suggesting
that the mechanism of H 
i block of BK channels is
more complicated, as will be described in a later sec-
tion. Nevertheless, the Woodhull model can give a
rough indication of the effective distance within the
electric ﬁeld where the block occurs (parameter d),
which ranged from 0.08 to 0.13 from the inner mem-
brane surface in these ﬁts.
Proton Block of BK Channels is K 
i Dependent
Inward currents in the cardiac leak channel Kcnk3 are
blocked by external protons, and the block is relieved by
external K  (Lopes et al., 2000). Outward currents in BK
channels are blocked by intracellular Mg2  and the block
is relieved by intracellular K  in a competitive manner
(Ferguson, 1991). In both of these studies, the permeat-
ing ion can relieve the block. To investigate whether the
proton block of BK channels is also relieved by K , single-
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channel currents were recorded over a range of [K ]i
and pHi. Results are presented in Fig. 6 A for data ob-
tained at pHi 5.0 and 9.0 for [K ]i of 150 mM and 3.4 M.
With a [K ]i of 150 mM, increasing the proton concen-
tration by decreasing pHi from pHi 9.0 to 5.0 reduced the
unitary currents at 200 mV by 53%, whereas with a [K ]i
of 3.4 M, increasing the proton concentration the same
amount had little effect on the unitary currents. Results
are summarized in Fig. 6 B for the data obtained at  200
mV with 60, 150, and 3,400 mM [K ]i, where it can be
seen that increasing [K ]i decreases the proton block.
In the experiments presented in Fig. 6 B, [K ]i was
varied from 60 mM to 3,400 mM, giving rise to signiﬁ-
cant changes in the ionic strength. To test for the ef-
fects of ionic strength control experiments would be
needed with an “inert” cation that neither blocks the
channel nor passes through. Previous studies that have
examined large numbers of cations have not found
such an ion (Blatz and Magleby, 1984; Eisenman et al.,
1986; Latorre et al., 1989; Bello and Magleby, 1998).
We tried intracellular choline  and NMDG , and
found that they also block BK channels. Our observa-
tion that intracellular NMDG  blocks BK channels is
consistent with previous ﬁndings (Lippiat et al., 1998).
Thus, we could not separate the effects of the increase
in [K ]i from the increase in ionic strength on the uni-
tary currents through BK channels.
Proton Block of BK Channels Is Consistent with Competitive 
Inhibition of K  by H 
To investigate if the proton block of BK channels is
consistent with competitive inhibition of K 
i by H 
i,
double reciprocal plots of unitary current versus K 
i
were analyzed, similar to studies of enzyme kinetics
(Stryer, 1981). Fig. 7 A shows theoretical double recip-
rocal plots with no blocker, and with blocker present
for competitive and noncompetitive inhibition. For
noncompetitive inhibition the plots with and without
blocker intersect on the x-axis, and for competitive in-
hibition they intersect on the y-axes at an x value of
zero, where [K ]i is inﬁnite (1/[K ]i   0), because the
inﬁnitely high [K ]i fully relieves the block by the com-
petitive inhibitor.
To examine whether proton block is competitive or
noncompetitive, Fig. 7 B presents double reciprocal
plots of unitary currents obtained in the presence of
protons (open circles, pHi 5.0) and in the absence of
protons (ﬁlled circles, pHi 9.0). The intersection of the
lines on the y-axis is consistent with competitive block.
Thus, H  competes with K , either directly at the same
site or indirectly through an allosteric mechanism, with
high K  reducing the action of H .
To determine whether incorporating the voltage-
dependent blocking mechanism from the Woodhull
equation into a competitive inhibition model would ac-
Figure 5. Comparison of the
Woodhull model and competitive inhi-
bition models for proton block of
BK channels. (A) Predictions of the
Woodhull model (Eq. 5, dashed lines)
ﬁtting data for each pHi separately. Dif-
ferent kd and d parameters where found
for each pHi. The values of the kds were
20, 8.7, and 2.1  M for pHis of 5.0, 6.0,
and 7.0, respectively, and the values of d
were 0.08, 0.12, and 0.13 for pHis of 5.0,
6.0, and 7.0, respectively. (B) Predic-
tions of the Woodhull model (dashed
lines) for simultaneously ﬁtting with Eq.
5 for data at different pHi with single
values for Kd and d of 20  M and 0.15.
(C) Predictions of the competitive inhi-
bition model for simultaneously ﬁtting
the data at different pHi with Eq. 4
when d is the same for both K  and H :
d   0.2, kdK   500 mM, kdH   10  M,
n   1 for the dashed lines, and n   0.57
for the continuous lines. (D) Same as C
except that d can be different for K 
and H . Dashed lines: dK    0, dH   
0.13, kdK   500 mM, kdH   10  M, and
n   1. Continuous lines: dK   0, dH  
0.2, kdK   203 mM, kdH   10  M, and n   0.46. The parameters were poorly deﬁned in the ﬁts for C and D, but to describe the data it was
necessary for n to be  0.5 and for the electrical distance from the inside for dH to be  0.2 greater than for dK. The single-channel current
at pHi 8.0 was used as the i0 current in the absence of protons.313 Brelidze and Magleby 
count for the i/V curves at different pHi, we simulta-
neously ﬁtted the data in Fig. 5 A obtained at three dif-
ferent pHs with Eq. 4 (see materials and methods).
The dashed lines in Fig. 5 C indicate that Eq. 4 does
not describe proton block with n    1.0 (Hill coefﬁ-
cient), and the continuous lines indicate that Eq. 4 pro-
vides a better description of the data when n   0.57, al-
though there are still differences between the observed
and predicted i/V curves at the higher voltages and
pHis. Thus, the simple competitive inhibition model
represented by Eq. 4 does not adequately describe pro-
ton block. For this test of competitive inhibition, the
fraction d of the electrical distance from the inside for
the site of action of K  and H  was constrained to be
the same, as would be the case if they acted at the same
site. The value of d for the plots in Fig. 5 C was 0.2, but
values of d between 0.2 and 0.5 produced essentially
the same ﬁts because of compensating changes in the
kd for protons.
When d was allowed to differ for H  and K , which
could be the case for allosteric action of proton block,
then the data were still not described by Eq. 4 when
n   1.0 (Fig. 5 D, dashed lines), but allowing n to be
 1.0 gave an excellent description of the data with: n  
0.46, d   0 for K , and d   0.2 for H  (continuous
lines, Fig. 5 D). Equally good ﬁts could be obtained
over a range of d for K  as long as there was a well de-
ﬁned distance between the d for H  and the d for K ,
given by dH   0.2   0.84dK. For example, a ﬁt visually
indistinguishable from the continuous lines in Fig. 5 D
was obtained with n   0.46, d   0.2 for K , and d  
0.36 for H .
Eq. 4 could also describe the effect of high K  in re-
lieving the proton block (dotted lines in Fig. 6 A). For
this ﬁt n   1.6, the d for K    0.2, and the d for H   
0.21. Once again, similar ﬁts could be obtained over a
range of d’s. (The implications of the description of the
data by Eq. 4 will be considered in the discussion.)
The competitive interaction between K  and H  and
the high concentration of K  (150 mM) compared with
H  (10 7 M) would contribute to the lack of signiﬁcant
proton block under physiological conditions. Project-
ing the line in Fig. 6 B suggests that proton block could
be highly signiﬁcant for lower concentrations of per-
meant ion. Consistent with this possibility for a differ-
ent channel, competitive extracellular proton block of
L-type Ca2  channels for physiological concentrations
of the permeant Ca2  (2 mM) may be sufﬁciently pro-
nounced to have physiological implications (Chen et
al., 1996).
Is the Competitive Inhibition of K 
i by H 
i at the Ring of Charge?
BK channels have a ring of eight negative charges at
the entrance to the intracellular vestibule that dou-
bles the unitary conductance for outward currents
(Brelidze et al., 2003b; Nimigean et al., 2003). H 
might reduce (block) unitary currents by protonating
or screening the negative charges forming the ring of
charge so that less K  is concentrated in the vestibule.
With less K  in the vestibule, less K  would be available
to transit the channel.
To examine to what extent proton block requires the
ring of charge, we neutralized the negative charge in
the ring of charge with the double mutation E321N/
E324N, and compared proton block for mutated and
wild-type (WT) channels. Fig. 8 B plots unitary current
amplitudes for mutated channels recorded at pHi 9.0,
7.0, and 5.0 against voltage, and Fig. 8 A replots data
from Fig. 4 A from WT channels. Two observations are
Figure 6. Proton block of BK chan-
nels is relieved by K 
i. (A) Plots of the
unitary current amplitudes versus volt-
age for the indicated [K ]  i and pHi.
Dotted lines are predictions of the com-
petitive inhibition model for simulta-
neously ﬁtting the data at different pHi
and [K ]i with Eq. 4 when dK   0.2,
dH   0.21, kdK   200 mM, kdH   10  M,
and  n    1.6. The parameters were
poorly deﬁned, but to describe the data
it was necessary for n to be  1.0 and
 1.7 and for the electrical distance
from the inside for dH to be equal to 1
to 1.1 times dK. The single-channel cur-
rent at pHi 9.0 was used as the i0 current
in the absence of protons. (B) Semilog-
arithmic plot of the ratio (in %) of the
unitary current amplitudes at pHi 5.0 to
the unitary current amplitudes at pHi
9.0 versus [K ]i. Dashed lines in A and
B are polynomial ﬁts.314 Fast Proton Block of BK Channels
immediately apparent. The unitary currents of the mu-
tant channels for all pHis are reduced when compared
with WT channels, and protons still block the mutant
channel. The reduction in currents would be expected
from previous ﬁndings that the ring of charge doubles
the unitary currents through BK channels by concen-
trating K  in the intracellular vestibule by an electro-
static mechanism (Brelidze et al., 2003b). The further
reduction of the unitary currents in the mutant chan-
nel at pHi 7.0 and 5.0, when compared with pHi 9, indi-
cates that protons still block in the absence of the ring
of charge.
To determine whether the fractional degree of block
was altered by the ring of charge, we multiplied all the
data points in Fig. 8 B by 1.77, so that the currents at
pHi 9.0 for the mutant channels superimposed those
for the WT channels. The normalized data in Fig. 8 C
show that the fractional block by protons at pHi 5.0 was
similar for mutant and WT channels, and at pHi 7.0 was
somewhat greater for mutant than for WT channels.
Thus, the ring of charge is not required for proton
block, suggesting a different site of competitive interac-
tion between H  and K .
The data for the mutant channel in Fig. 8 B were re-
plotted in Fig. 8 D to obtain the pH titration curves.
The titration curves obtained at the three different volt-
ages were then simultaneously ﬁtted with Eq. 1, giving a
ki of 12.6  M (apparent pKa of 4.9) and n of 0.29.
These values can be compared with the apparent pKa
of 5.1 and n of 0.48 for WT channels (Fig. 3 B).
Figure 7. Proton block of BK channels is consis-
tent with competitive inhibition of H 
i on K 
i.
(A) Double reciprocal plots of theoretical unitary
current amplitudes versus [K ]i to illustrate com-
petitive and noncompetitive block. (B) Double re-
ciprocal plots of unitary current amplitudes ver-
sus [K ]i at pHi 5.0 (high concentration of the
H 
i blocker) and at pHi 9.0 (no blocker).
Figure 8. Proton block is still present
after the removal of the ring of charge.
(A) Plots of unitary current amplitudes
versus voltage for WT channels at the
indicated pHi (from Fig. 4). The
dashed lines for pHi 5.0 and 7.0 are the
same as the continuous lines in Fig. 5 D.
The dashed line for pHi 9.0 is a polyno-
mial ﬁt. (B) Plots of unitary current am-
plitudes versus voltage for E321N/
E324N mutant channels at the indi-
cated pHi. The dashed lines for pHi 5.0
and 7.0 were drawn with Eq. 4 with dK  
0.0, dH   0.15, kdK   200 mM, kdH   2.2
 M, and n   0.23, using the data at pH
9.0 for i0. The dashed line for pHi 9.0 is
a polynomial ﬁt. (C) The data for WT
channels from A, and the data for
E321N/E324N channels from B, nor-
malized by multiplying the data in (B)
by 1.77. Some of the symbols at pHi 9.0
are shifted by 4 mV so they can be seen.
(D) Semilogarithmic plot of the dose
response curves for unitary current
amplitudes for E321N/E324N mutant
channels at  80,  150, and  200 mV
versus pHi. The solid lines are ﬁts of
the data with Eq. 1 with ki   12.6  M
(pKa   4.90) and n   0.29. Symmetrical
150 mM [K ]i for A–D.315 Brelidze and Magleby 
DISCUSSION
This study shows that intracellular protons block BK
channels in a concentration and voltage-dependent
manner with an apparent pKa of 5.1. All experiments
were performed with single-channel (unitary) currents
so that the effects of protons on the conductance could
be clearly separated from effects on gating. Increasing
[K ]i progressively relieved the proton block, consistent
with competitive inhibition of K  by H . We also show
that the ring of negatively charged glutamate residues
located at the entrance to the intracellular vestibule of
BK channels, is not the major site for proton action.
Proton Block of BK Channels Is Voltage Dependent
Protons can decrease the unitary conductance of ion
channels by binding to one or multiple sites within the
pore of the channels (Daumas and Andersen, 1993;
Chen et al., 1996; Benitah et al., 1997; Morrill and
MacKinnon, 1999). A characteristic of the block of BK
channels by intracellular protons is that the block is
voltage dependent, increasing with depolarization.
Woodhull (1973) developed a model to describe volt-
age-dependent proton block of Na  currents by H  by
assuming that the site of block was within the electric
ﬁeld of the membrane so that voltage concentrated H 
at the blocking site. The Woodhull model could simul-
taneously describe proton block of BK channels over a
range of pHis for voltages  100 mV, but could not de-
scribe the block at higher voltages. The inability of the
Woodhull model to describe the data for BK channels
would be expected since we found a competitive inhibi-
tion of H  on unitary K  current amplitudes (Fig. 7),
whereas the Woodhull model assumes that the block-
ing and conducting ions do not interact.
By incorporating the mechanism of voltage-depen-
dent concentration of ions from the Woodhull model
into a model for competitive inhibition that also al-
lowed for cooperativity (Eq. 4), we were able to simulta-
neously describe the voltage and pH dependence of
proton block for pHi from 5.0 to 9.0 and for voltages up
to  300 mV with a single set of parameters (Fig. 5 D).
For 150 mM [K ]i, the best ﬁts were obtained when the
electrical distance through the membrane ﬁeld mea-
sured from the inside of the membrane was  20%
greater for H  than for K , suggesting the site of pro-
ton block may be different from the site of action for
K . However, although Eq. 4 could also account for
data obtained at two different [K ]i as well (Fig. 6 A), it
did not adequately describe the experimental observa-
tions when simultaneously ﬁtting data for 60 mM, 150
mM, and 3.4 M [K ]i over multiple pHis and voltages
(unpublished data). Thus, although Eq. 4 can be used
to provide a quantitative description of competitive
proton block of BK channels over a range of voltage
and pHi for a narrow range of K 
i, this equation is best
viewed as a semiempirical equation because it does not
fully account for the effect of [K ]i because it does not
take into account such factors as changes in the electric
ﬁeld introduced by the blocking and conducting ions
themselves and the effect of the ring of charge on con-
centrating K .
Since the Woodhull model and Eq. 4 could approxi-
mate the voltage dependence of the proton block, it is
of interest to relate the electrical distance for the block
determined with these equations to the known struc-
tures of K  channels. The fractional electrical distance
of proton block from the inside of the membrane for
the Woodhull model ranged from 0.08 to 0.15, and for
Eq. 4 the electrical distance for the site of proton ac-
tion was  0.2 greater than for the site of action of K .
These numbers would be consistent with the blocking
site for protons being located within the conduction
pathway of the channel,  10–20% of the electrical dis-
tance through the electric ﬁeld of the membrane.
Whether this places the blocking site deep in the vesti-
bule at the entrance to the selectivity ﬁlter or within the
selectivity ﬁlter itself is not clear. Electrostatic calcula-
tions indicate that there is little voltage drop in the in-
tracellular vestibule of the bacterial MthK channels
(Jiang et al., 2002b). If this is also the case for BK chan-
nels, then the site of proton block may be just within
the selectivity ﬁlter.
However, estimates of the electrical distance for intra-
cellular block of BK channels by TEA place the frac-
tional blocking site for TEA 0.26 from the intracellular
side (Blatz and Magleby, 1984). This electrical distance
for block by TEA is greater than for block by protons,
even though the large size of TEA would be expected
to exclude TEA from the selectivity ﬁlter (Hille, 2001;
Zhou et al., 2001). Thus, it is difﬁcult to relate electrical
distance to physical structure, especially since the size
and number of the ions themselves could alter the ap-
parent electrical distance. If the proposed intracellular
RCK domains of the BK channel (Jiang et al., 2002a)
extend the intracellular conduction pathway for BK
channels, as proposed for the intracellular NH2 and
COOH terminus for GIRK1 and KirBac1.1 channels
(Nishida and MacKinnon, 2002; Kuo et al., 2003), then
the extended conduction pathway might also contrib-
ute to the electrical distance.
Our observation that proton block of BK channels is
a fast block with no detectable increase in the open-
channel noise does not rule out direct channel block.
As pointed by Woodhull (1973), proton binding to pro-
teins can be so fast (Fersht, 1985) that single binding
(blocking) events would not necessarily be detected for
the frequency response of our experiments. Thus, di-
rect channel block could occur without detectable in-
creases in open-channel noise.316 Fast Proton Block of BK Channels
An observation of voltage-dependent block, however,
does not require that the block occurs within the elec-
tric ﬁeld of the membrane. Voltage-dependent block
could also arise from the coupling of a blocker outside
of the electric ﬁeld to the movement of permeant ions
inside the electric ﬁeld. Such coupling is consistent with
the voltage-dependent block of K  channels by extracel-
lular TEA and Ca2 
i (Armstrong, 1971; Gomez-Lagunas
et al., 2003; Thompson and Begenisich, 2003). The cou-
pling works as follows. When the average position of K 
in the selectivity ﬁlter is near the extracellular side of
the channel, the positive charge of K  electrostatically
repels the blocker from the extracellular blocking site.
Shifting the membrane potential more negative then
moves the average position of K  toward the inner side
of the selectivity ﬁlter away from the blocking site so
that the blocker can now bind. Since the extracellular
vestibule is so shallow (Jiang et al., 2002a,b), the extra-
cellular blocker can be close to the entrance of the se-
lectivity ﬁlter while remaining outside of the electric
ﬁeld. Thus, the voltage-dependent movement of K 
within the selectivity ﬁlter gives voltage dependence to a
blocker outside of the electric ﬁeld.
On this basis, the possibility arises that some or all of
the voltage dependence of proton block from the intra-
cellular side of the membrane may arise from a cou-
pling between K  in the selectivity ﬁlter and H  in the
intracellular vestibule. To what extent such a mecha-
nism contributes to the voltage dependence of proton
block will require further experimentation to resolve.
Does Channel Block Arise through the Screening
of Surface Charge?
Proton binding to surface charges on lipid membranes
can decrease the conductance of some channels by
neutralizing (screening) negative surface charges that
might normally increase the conductance of the chan-
nel by concentrating K  at the entrance to the pore
(Klockner and Isenberg, 1994; Chen et al., 1996; Benitah
et al., 1997; Morrill and MacKinnon, 1999). A lipid-
screening mechanism would also be consistent with a fast
block because screening should not increase the open-
channel noise.  A lipid-screening mechanism for block of
BK channels by protons appears unlikely, however.  A re-
cent study by Park et al. (2003) showed through experi-
ments measuring the kinetics of Ba2  block of BK chan-
nels incorporated into membranes comprised of either
neutral or charged lipids that the surface charge on the
lipids was too far away from the pore of the channel (due
to the large size of the BK channel) to concentrate cat-
ions at the entrance to the pore of the channel.  Theoret-
ical calculations in the same study supported the experi-
mental conclusion.  Thus, if the lipid surface charge is
too far away to concentrate K  at the entrance to the
pore, then removing lipid surface charge with protons
would have little effect on K  at the entrance, so the lipid
surface charge is not the site of proton block. 
The next question is whether surface charges on the
protein of the channel itself might be the site of proton
block. Glutamate residues frequently are sites of proton
block in other channels (Chen et al., 1996; Morrill and
MacKinnon, 1999; Xu et al., 2000). As a possible candi-
date for the site of proton block in BK channels, we
considered the ring of ﬁxed negative charges formed
by eight glutamate residues at the entrance to the intra-
cellular vestibule (Brelidze et al., 2003b; Nimigean et
al., 2003). This ring of charge doubles the conductance
of BK channels by concentrating K  in the vestibule by
an electrostatic mechanism (Brelidze et al., 2003b).
Protonation or screening of the ring of charge by pro-
tons might decrease the concentration of K  at the en-
trance to the vestibule, decreasing the unitary currents.
Support suggesting that protons might act at the ring
of charge is the observation in KcsA channels that the
introduction of an aspartate residue in the region cor-
responding to the ring of charge in BK channels signif-
icantly increased proton block of unitary KcsA currents
(Nimigean et al., 2003).
In contrast, we found in BK channels that the per-
centage reduction of unitary currents by proton block
at pHi 5.0 was the same in the presence and absence of
the ring of charge (Fig. 8 C), indicating that the ring of
charge is not the major site of action of proton block
for BK channels. This relative lack of effect of the ring
of charge on proton block may reﬂect that the ring of
charge would increase the concentrations of both K 
and H  at the entrance to the intracellular vestibule,
with the increased K  compensating for the effects of
the increased H . The absence of a ring of charge
would then decrease the concentrations of both K 
and H  at the entrance to the intracellular vestibule so
that the percentage reduction in currents by protons
would be the same with or without the ring of charge at
pH 5.0. If protons also bind to the carboxyl residues, in
addition to screening, the binding would reduce the ef-
fective number of charges in the ring of charge. How-
ever, since removing the ring of charge has little effect
on proton block (Fig. 8), then partially removing
charge from the ring of charge by the binding of pro-
tons would also be expected to have little effect on pro-
ton block. At pHi 7.0 the percentage reduction of cur-
rents due to proton block was slightly less in the pres-
ence of the ring of charge than in its absence,
suggesting that, if anything, the ring of charge may re-
duce proton block of BK channels. Thus, the ring of
charge is not the site of proton block.
The apparent dissociation constants for proton block
of WT BK channels and for mutant BK channels with-
out the ring of charge were 5.1 and 4.9 respectively. Ex-
cept for the E321 and E324 residues in each of the four317 Brelidze and Magleby 
subunits that form the ring of charge, there are no ap-
parent candidate residues with a pKa close to 5.0 in the
intracellular vestibule of the BK channel pore. It is pos-
sible that the site of the proton block is a composite site
(oxygen atoms in the selectivity ﬁlter?), rather than a
site provided by a single residue, or that the surround-
ing structures change the pKa (Fersht, 1985). Apparent
Hill coefﬁcients of 0.29–0.48 when describing the data
with a competitive inhibitory model with a cooperativ-
ity factor (Eq. 4) suggests a lack of positive cooperativity
in the proton block of the BK channel.
Do Protons Block through an Allosteric Mechanism?
In the previous section it was indicated that the surface
charge of the membrane lipids is too far away from the
pore of the channel to increase the concentration of
K  or H  at the entrance to the vestibule. This conclu-
sion does not rule out that the surface charge of the lip-
ids may play some role in proton block. Park et al.
(2003) have proposed that the observed decrease in
the conductance of BK channels that occurs when neg-
atively charged lipids are replaced with neutral lipids
arises from lipid-induced conformational changes of
the selectivity ﬁlter that depend on the charge of the
lipid. On this basis, protons might reduce conductance
through a similar allosteric mechanism by changing
the properties of the lipids by binding to the negative
charges on the lipid head groups. Arguing against such
an allosteric mechanism for proton block is that it is
difﬁcult to envision how such a mechanism could give
rise to the voltage dependence of the block. Further-
more, such an allosteric mechanism for proton block
might be expected to reduce unitary current ampli-
tudes for inward, as well as outward, currents, which is
not observed (Habartova et al., 1994). Although if the
allosteric mechanism were coupled to depolarization in
some manner, then it might not be observed at nega-
tive potentials. Protons might also decrease conduc-
tance in a different type of allosteric manner by bind-
ing to a site within the electric ﬁeld of the membrane
but outside of the pore of the channel. Such an alloste-
ric mechanism could provide voltage-dependent pro-
ton block and also competitive inhibition. Whereas di-
rect block of the pore of the channel by protons is a
simpler mechanism for proton block, and therefore is
to be preferred, our data are not sufﬁcient to exclude
more complex allosteric mechanisms.
The Proton Block of BK Channels Contributes to the 
Sublinearity of Unitary Currents at High Voltages at pH 7.0
We observed that the unitary currents through BK
channels increased sublinearly with voltage for depolar-
izations  100 mV. Our ﬁndings indicated that  40%
of this sublinearity arose from proton block for data
collected at pH 7.0, and became progressively greater
for more acidic pHi. Even in the effective absence of
protons at pHi 9.0, the i/V plot still deviated from lin-
earity at high voltages, indicating that some factors be-
sides proton block contribute to the sublinearity of cur-
rents at the higher voltages. Sublinearity was still ob-
served in solutions that contained no added buffers, or
in solutions with chelators to remove trace amounts of
Ca2  or Ba2 , suggesting that some intrinsic property
associated with the channel contributes to the sublin-
earity. This sublinear increase might result from a limi-
tation on the diffusion of K  from the bulk solution to
the intracellular vestibule of the channel (Lauger,
1976; Andersen, 1983; Kuo and Hess, 1992; Hille,
2001), and/or intrinsic properties of the channel
(Yellen, 1984). These points will be dealt with in
greater detail elsewhere.
Although proton block could be appreciable under
extreme conditions of low pHi and high voltages, it
would be expected that intracellular protons would
have little blocking effect on BK channels for physio-
logical voltages and pH. Nevertheless, the marked ef-
fect of proton block on unitary currents at the large
positive voltages routinely used to investigate mecha-
nisms of selectivity and conductance indicates that pro-
ton block needs to be taken into account unless the pH
is  8.0.
Limits of K  Permeation through BK Channels
BK channels have the largest single-channel conduc-
tance (250–350 pS) of all known K  channels (Marty,
1981; Pallotta et al., 1981; Yellen, 1984; Latorre et al.,
1989; Hille, 2001). In spite of their large conductance,
BK channels are highly selective for K  over Na  (Blatz
and Magleby, 1984; Yellen, 1984; Eisenman et al., 1986;
Latorre et al., 1989; Hille, 2001). The largest unitary
currents that we observed in this study were  170 pA
with 3.4 M [K ]i, 150 mM [K ] outside, a voltage of
 250 mV, and a pHi of 9.0. The cord conductance for
these conditions was  536 pS at  100 mV. A current of
170 pA requires an average net transfer of  1.1 K  ions
through the channel per nanosecond. The water mole-
cules of the inner sphere surrounding a K  ion are re-
placed with a time constant of  1 ns (Diebler et al.,
1969; Hille, 2001). To enter the selectivity ﬁlter most of
the hydration shell would have to be removed (Beza-
nilla and Armstrong, 1972; Hille, 1973) by substitution
of the carbonyl oxygen atoms within the selectivity ﬁl-
ter for the waters of hydration (Zhou et al., 2001; Hille,
2001; MacKinnon, 2003). Thus, the dehydration rate of
K  as it enters the selectivity ﬁlter for the largest unitary
currents that we observed is similar to the time re-
quired for substitution of waters in the inner hydration
shell of K  while K  is in the bulk solution.
The maximum conductance for the outward currents
that we observed, 536 pS, was essentially the same as318 Fast Proton Block of BK Channels
the maximum theoretical conductance of 550 pS calcu-
lated by Berneche and Roux (2003) from the structure
of the KcsA channel using a transmembrane potential
proﬁle from the open MthK channel (Jiang et al.,
2002b). Yet, for experimental conditions with 100–150
mM [K ]i, the unitary currents in BK channels are 3–4
times higher than those in KcsA channels (Blatz and
Magleby, 1984; LeMasurier et al., 2001). Why then is
the maximum theoretical conductance for KcsA chan-
nels the same as the maximum experimentally ob-
served conductance for BK channels? BK channels
have a ring of negative charge in the intracellular vesti-
bule that is absent in KcsA channels (Brelidze et al.,
2003b; Nimigean et al., 2003). This ring of charge dou-
bles the conductance of BK channels for outward cur-
rents (Brelidze et al., 2003b; Nimigean et al., 2003).
The effect of the ring of charge on increasing conduc-
tance decreases as the [K ]i is increased, becoming
negligible at very high [K ]i (3.4 M), suggesting that
the action of the ring of charge is through electrostatic
attraction of K  to the vestibule (Brelidze et al., 2003b).
Because the maximum theoretical conductance for
KcsA channels (Berneche and Roux, 2003) and the
maximum experimentally observed conductance for
BK channels (Fig. 6) were both obtained with high
[K ]i where the effects of the ring of charge would be
negligible, then it would be expected that these maxi-
mal estimates would be similar for BK and KcsA if these
two ion channels have relatively similar conduction
pathways except for the ring of charge.
We thank Dr. Wolfgang Nonner and Dr. Xiaowei Niu for helpful
discussions.
This work was supported in part by grants to K.L. Magleby
from the Florida Department of Health Biomedical Research
Program, B029, and from the National Institutes of Health,
AR32805.
Olaf S. Andersen served as editor.
Submitted: 22 September 2003
Accepted: 2 February 2004
REFERENCES
Andersen, O.S. 1983. Ion movement through gramicidin A chan-
nels. Studies on the diffusion-controlled association step. Biophys.
J. 41:147–165.
Armstrong, C.M. 1971. Interaction of tetraethylammonium ion de-
rivatives with the potassium channels of giant axons. J. Gen. Phys-
iol. 58:413–437.
Armstrong, C.M., and B. Hille. 1972. The inner quaternary ammo-
nium ion receptor in potassium channels of the node of Ranvier.
J. Gen. Physiol. 59:388–400.
Barrett, J.N., K.L. Magleby, and B.S. Pallotta. 1982. Properties of
single calcium-activated potassium channels in cultured rat mus-
cle. J. Physiol. 331:211–230.
Bello, R.A., and K.L. Magleby. 1998. Time-irreversible subconduc-
tance gating associated with Ba2  block of large conductance
Ca2 -activated K  channels. J. Gen. Physiol. 111:343–362.
Benitah, J., J.R. Balser, E. Marban, and G.F. Tomaselli. 1997. Proton
inhibition of sodium channels: mechanism of gating shifts and
reduced conductance. J. Membr. Biol. 155:121–131.
Berneche, S., and B. Roux. 2003. A microscopic view of ion conduc-
tion through the K  channel. Proc. Natl. Acad. Sci. USA. 100:
8644–8648.
Bers, D.M., C.W. Patton, and R. Nuccitelli. 1994. A practical guide
to the preparation of Ca2  buffers. Methods Cell Biol. 40:3–29.
Bezanilla, F., and C.M. Armstrong. 1972. Negative conductance
caused by entry of sodium and cesium ions into the potassium
channels of squid axons. J. Gen. Physiol. 60:588–608.
Blatz, A.L., and K.L. Magleby. 1984. Ion conductance and selectivity
of single calcium-activated potassium channels in cultured rat
muscle. J. Gen. Physiol. 84:1–23.
Brelidze, T.I., X. Niu, and K.L. Magleby. 2003a. Limits and contrib-
uting mechanisms for big single-channel currents in BK chan-
nels. Biophys. J. 84:92a.
Brelidze, T.I., X. Niu, and K.L. Magleby. 2003b. A ring of eight con-
served negatively charged amino acids doubles the conductance
of BK channels and prevents inward rectiﬁcation. Proc. Natl.
Acad. Sci. USA. 100:9017–9022.
Chen, X.H., I. Bezprozvanny, and R.W. Tsien. 1996. Molecular basis of
proton block of L-type Ca2  channels. J. Gen. Physiol. 108:363–374.
Coulter, K.L., F. Perier, C.M. Radeke, and C.A. Vandenberg. 1995.
Identiﬁcation and molecular localization of a pH-sensing do-
main for the inward rectiﬁer potassium channel HIR. Neuron. 15:
1157–1168.
Cox, D.H., J. Cui, and R.W. Aldrich. 1997. Separation of gating
properties from permeation and block in mslo large conduc-
tance Ca-activated K  channels. J. Gen. Physiol. 109:633–646.
Dahl, G. 1992. The oocyte cell-cell channel assay for functional
analysis of gap junction proteins. In Cell-Cell Interactions: A
Practical Approach. B. Stevenson, D. Paul, and W. Gallin. editors.
Oxford University Press, London/New York. 143–165.
Daumas, P., and O.S. Andersen. 1993. Proton block of rat brain so-
dium channels. Evidence for two proton binding sites and multi-
ple occupancy. J. Gen. Physiol. 101:27–43.
Davies, N.W., N.B. Standen, and P.R. Stanﬁeld. 1992. The effect of
intracellular pH on ATP-dependent potassium channels of frog
skeletal muscle. J. Physiol. 445:549–568.
Diaz, F., M. Wallner, E. Stefani, L. Toro, and R. Latorre. 1996. Inter-
action of internal Ba2  with a cloned Ca2 -dependent K  (hslo)
channel from smooth muscle. J. Gen. Physiol. 107:399–407.
Diebler, H.M., M. Eigen, G. Ilgenfritz, G. Maab, and R. Winkler.
1969. Kinetics and mechanism of reactions of main group metal
ions with biological carriers. Pure Appl. Chem. 20:93–115.
Eisenman, G., R. Latorre, and C. Miller. 1986. Multi-ion conduc-
tion and selectivity in the high-conductance Ca2 -activated K 
channel from skeletal muscle. Biophys. J. 50:1025–1034.
Ferguson, W.B. 1991. Competitive Mg2  block of a large-conduc-
tance, Ca2 -activated K  channel in rat skeletal muscle. Ca2 ,
Sr2 , and Ni2  also block. J. Gen. Physiol. 98:163–181.
Fersht, A. 1985. Enzyme Structure and Mechanism. 2nd ed. W.H.
Freeman and Co., New York.
Geiger, D., D. Becker, B. Lacombe, and R. Hedrich. 2002. Outer
pore residues control the H  and K  sensitivity of the Arabidop-
sis potassium channel AKT3. Plant Cell. 14:1859–1868.
Gomez-Lagunas, F., A. Melishchuk, and C.M. Armstrong. 2003.
Block of Shaker potassium channels by external calcium ions.
Proc. Natl. Acad. Sci. USA. 100:347–351.
Gordon, S.E., J.C. Oakley, M.D. Varnum, and W.N. Zagotta. 1996. Al-
tered ligand speciﬁcity by protonation in the ligand binding domain
of cyclic nucleotide-gated channels. Biochemistry. 35:3994–4001.
Guo, D., and Z. Lu. 2000. Pore block versus intrinsic gating in the
mechanism of inward rectiﬁcation in strongly rectifying IRK1
channels. J. Gen. Physiol. 116:561–568.
Habartova, A., J. Krusek, and H. Zemkova. 1994. Sensitivity of high-319 Brelidze and Magleby 
conductance potassium channels in synaptosomal membranes
from the rat brain to intracellular pH. Eur. Biophys. J. 23:71–77.
Hamill, O.P., A. Marty, E. Neher, B. Sakmann, and F.J. Sigworth.
1981. Improved patch-clamp techniques for high-resolution cur-
rent recording from cells and cell-free membrane patches.
Pﬂugers Arch. 391:85–100.
Hille, B. 1973. Potassium channels in myelinated nerve. Selective
permeability to small cations. J. Gen. Physiol. 61:669–686.
Hille, B. 2001. Ion Channels of Excitable Membranes. 3rd ed.
Sinauer Associates, Inc., Sunderland, MA.
Hsiao, B., D. Dweck, and C.W. Luetje. 2001. Subunit-dependent
modulation of neuronal nicotinic receptors by zinc. J. Neurosci.
21:1848–1856.
Jiang, Y., A. Lee, J. Chen, M. Cadene, B.T. Chait, and R. MacKin-
non. 2002a. Crystal structure and mechanism of a calcium-gated
potassium channel. Nature. 417:515–522.
Jiang, Y., A. Lee, J. Chen, M. Cadene, B.T. Chait, and R. MacKin-
non. 2002b. The open pore conformation of potassium chan-
nels. Nature. 417:523–526.
Klockner, U., and G. Isenberg. 1994. Calcium channel current of
vascular smooth muscle cells: extracellular protons modulate gat-
ing and single channel conductance. J. Gen. Physiol. 103:665–678.
Krause, J.D., C.D. Foster, and P.H. Reinhart. 1996. Xenopus laevis oo-
cytes contain endogenous large conductance Ca2 -activated K 
channels. Neuropharmacology. 35:1017–1022.
Kuo, A., J.M. Gulbis, J.F. Antcliff, T. Rahman, E.D. Lowe, J. Zimmer,
J. Cuthbertson, F.M. Ashcroft, T. Ezaki, and D.A. Doyle. 2003.
Crystal structure of the potassium channel KirBac1.1 in the
closed state. Science. 300:1922–1926.
Kuo, C.C., and P. Hess. 1992. A functional view of the entrances of
L-type Ca2  channels: estimates of the size and surface potential
at the pore mouths. Neuron. 9:515–526.
Latorre, R., A. Oberhauser, P. Labarca, and O. Alvarez. 1989. Variet-
ies of calcium-activated potassium channels. Annu. Rev. Physiol.
51:385–399.
Lauger, P. 1976. Diffusion-limited ion ﬂow through pores. Biochim.
Biophys. Acta. 455:493–509.
Laurido, C., S. Candia, D. Wolff, and R. Latorre. 1991. Proton mod-
ulation of a Ca2 -activated K  channel from rat skeletal muscle
incorporated into planar bilayers. J. Gen. Physiol. 98:1025–1042.
LeMasurier, M., L. Heginbotham, and C. Miller. 2001. KcsA: it’s a
potassium channel. J. Gen. Physiol. 118:303–314.
Lippiat, J.D., N.B. Standen, and N.W. Davies. 1998. Block of cloned
BKCa channels (rSlo) expressed in HEK 293 cells by N-methyl
d-glucamine. Pﬂugers Arch. 436:810–812.
Lopes, C.M., P.G. Gallagher, M.E. Buck, M.H. Butler, and S.A. Gold-
stein. 2000. Proton block and voltage gating are potassium-
dependent in the cardiac leak channel Kcnk3. J. Biol. Chem. 275:
16969–16978.
MacKinnon, R. 2003. Potassium channels. FEBS Lett. 555:62–65.
Marty, A. 1981. Ca-dependent K channels with large unitary con-
ductance in chromafﬁn cell membranes. Nature. 291:497–500.
McManus, O.B., L.M. Helms, L. Pallanck, B. Ganetzky, R. Swanson,
and R.J. Leonard. 1995. Functional role of the beta subunit of
high conductance calcium-activated potassium channels. Neuron.
14:645–650.
Miller, C., R. Latorre, and I. Reisin. 1987. Coupling of voltage-
dependent gating and Ba2  block in the high-conductance, Ca2 -
activated K  channel. J. Gen. Physiol. 90:427–449.
Miller, D.J., and G.L. Smith. 1984. EGTA purity and the buffering
of calcium ions in physiological solutions. Am. J. Physiol. 246:
C160–C166.
Morrill, J.A., and R. MacKinnon. 1999. Isolation of a single car-
boxyl-carboxylate proton binding site in the pore of a cyclic nu-
cleotide-gated channel. J. Gen. Physiol. 114:71–83.
Nimigean, C.M., J.S. Chappie, and C. Miller. 2003. Electrostatic
tuning of ion conductance in potassium channels. Biochemistry.
42:9263–9268.
Nishida, M., and R. MacKinnon. 2002. Structural basis of inward
rectiﬁcation: cytoplasmic pore of the G protein-gated inward rec-
tiﬁer GIRK1 at 1.8 A resolution. Cell. 111:957–965.
Pallanck, L., and B. Ganetzky. 1994. Cloning and characterization
of human and mouse homologs of the Drosophila calcium-acti-
vated potassium channel gene, slowpoke. Hum. Mol. Genet.
3:1239–1243.
Pallotta, B.S., K.L. Magleby, and J.N. Barrett. 1981. Single channel
recordings of Ca2 -activated K  currents in rat muscle cell cul-
ture. Nature. 293:471–474.
Park, J.B., H.J. Kim, P.D. Ryu, and E. Moczydlowski. 2003. Effect of
phosphatidylserine on unitary conductance and Ba2  block of
the BK Ca2 -activated K  channel: re-examination of the surface
charge hypothesis. J. Gen. Physiol. 121:375–397.
Prod’hom, B., D. Pietrobon, and P. Hess. 1987. Direct measure-
ment of proton transfer rates to a group controlling the dihydro-
pyridine-sensitive Ca2  channel. Nature. 329:243–246.
Root, M.J., and R. MacKinnon. 1993. Identiﬁcation of an external
divalent cation-binding site in the pore of a cGMP-activated
channel. Neuron. 11:459–466.
Schild, L., E. Schneeberger, I. Gautschi, and D. Firsov. 1997. Identi-
ﬁcation of amino acid residues in the alpha, beta, and gamma
subunits of the epithelial sodium channel (ENaC) involved in
amiloride block and ion permeation. J. Gen. Physiol. 109:15–26.
Schreiber, M., A. Yuan, and L. Salkoff. 1999. Transplantable sites con-
fer calcium sensitivity to BK channels. Nat. Neurosci. 2:416–421.
Stryer, L. 1981. Biochemistry. Freeman and Company, San Fran-
cisco, CA. 949 pp.
Talukder, G., and R.W. Aldrich. 2000. Complex voltage-dependent
behavior of single unliganded calcium-sensitive potassium chan-
nels. Biophys. J. 78:761–772.
Thompson, J., and T. Begenisich. 2003. External TEA block of
shaker K  channels is coupled to the movement of K  ions
within the selectivity ﬁlter. J. Gen. Physiol. 122:239–246.
Tsien, R.Y. 1980. New calcium indicators and buffers with high se-
lectivity against magnesium and protons: design, synthesis, and
properties of prototype structures. Biochemistry. 19:2396–2404.
Tytgat, J., B. Nilius, and E. Carmeliet. 1990. Modulation of the
T-type cardiac Ca channel by changes in proton concentration. J.
Gen. Physiol. 96:973–990.
Vergara, C., and R. Latorre. 1983. Kinetics of Ca2 -activated K  chan-
nels from rabbit muscle incorporated into planar bilayers. Evi-
dence for a Ca2  and Ba2  blockade. J. Gen. Physiol. 82:543–568.
Woodhull, A.M. 1973. Ionic blockage of sodium channels in nerve.
J. Gen. Physiol. 61:687–708.
Xu, H., Z. Yang, N. Cui, S. Chanchevalap, W.W. Valesky, and C.
Jiang. 2000. A single residue contributes to the difference be-
tween Kir4.1 and Kir1.1 channels in pH sensitivity, rectiﬁcation
and single channel conductance. J. Physiol. 528(Pt 2):267–277.
Yang, X.C., and F. Sachs. 1989. Block of stretch-activated ion chan-
nels in Xenopus oocytes by gadolinium and calcium ions. Science.
243:1068–1071.
Yellen, G. 1984. Ionic permeation and blockade in Ca2 -activated
K  channels of bovine chromafﬁn cells. J. Gen. Physiol. 84:157–
186.
Zhou, Y., J.H. Morais-Cabral, A. Kaufman, and R. MacKinnon.
2001. Chemistry of ion coordination and hydration revealed by a
K  channel-Fab complex at 2.0 A resolution. Nature. 414:43–48.